Introduction
The design and synthesis of chemosensors for a specific analyte is of great importance for facile monitoring of biological, medical and environmental analytes. 1 Most chemosensors developed are absorption and fluorescent sensors that change in their photophysical properties in response to the analytes. 2, 3 Host-guest association is a key phenomenon for designing chemosensors because of the selective binding of the host with the guest. One of the effective strategies for developing such chemosensors is to conjugate a host molecule with an appropriate chromophore, where the host and the chromophore act as the guest binding site and the transducer of the guest binding into the spectral signals, respectively. 4, 5 Such conjugated derivatives are expected to exhibit unique spectral variations in response to the guest as well as changes in photophysical properties of the chromophore and guest binding properties of the host when compared to their original ones. Among a number of chemosensors developed, crown ethers have been widely investigated for detection of alkali metal ions because of easy modification with functional groups and appropriate chromophores. 6, 7 Recently, we have reported some benzocrown ether derivatives conjugated with bipyridinium as chemosensors, in which both units are connected without any spacer. [8] [9] [10] [11] These conjugated derivatives were found to exhibit the donor-acceptor charge transfer (CT) absorptions in visible region and the color changes in response to the alkali and alkaline earth metal ions. As an extension of our investigation, we designed new benzocrown-bipyridinium conjugates, 1 and 2, which incorporate different length alkyl chains with butyl and dodecyl groups, respectively. These are similar structures to the previous benzocrown-bipyridinium conjugates (5) , 8 which has a benzyl group as a substituent at the nitrogen atom in the conjugate. The simple alkyl chains incorporated in 1 and 2 would affect the intramolecular CT absorptions as well as the guest binding properties as compared to those of 5, causing the different guest sensing abilities of 1 and 2 from that of 5. Here, we wish to report the synthesis and guest binding behavior of 1 and 2 compared to 5, together with the analogue compounds, 3 and 4, which have no crown ether. Two benzocrown ether-bipyridinium conjugates, 1 and 2, each having a different length of alkyl chains with butyl and dodecyl groups, respectively, have been synthesized for the purpose of developing a new guest-responsive color-change chemosensor. Both 1 and 2 showed yellow colors with broad absorption bands around 400 nm in acetonitrile. These are associated with the intramolecular charge transfer (CT) absorption, in which the benzocrown ether and bipyridinium units act as the donor and acceptor, respectively. Upon addition of the guest; such as Na + , they faded in color due to the blue shift in their intramolecular charge transfer absorption bands. These are associated with the formation of 1:1 host-guest inclusion complex. Analogues, 3 and 4, both being similar in structure to 1 and 2 with non-crown ether unit, also showed intramolecular CT absorptions around 400 nm, but did not change their absorption spectra upon addition of the guest because of the lack of guest-binding abilities. The guest-induced color change of 1 and 2 can be used for alkali and alkaline metal ion sensing. Both 1 and 2 could detect divalent cations such as Mg 2+ and Ca 2+ rather than univalent ones, Li + , Na + , K + , Rb + , and Cs + . Although a marked difference between 1 and 2 was not observed in their guest sensing abilities, the remarkable recognition of 1 and 2 for Mg 2+ and Ca 2+ was found compared with that of 5, which has benzyl unit instead of alkyl chains of 1 and 2. The sensitivity values of 1 and 2 were roughly proportional to their binding constants, as shown by the binding constants with Li + , Na + , Mg 2+ , and Ca 2+ with the values of 910, 260, 820, and 2300 M -1 for 1 and 930, 290, 1270, and 2790 M -1 for 2, while the binding constants of 5 were estimated to be 930, 440, 210, and 1200 M -1 for Li + , Na + , Mg 2+ , and Ca 2+ , respectively. The limit concentration of detection of 2 for Ca 2+ was estimated to be 0.016 mM, which was the smallest value in this system. 
Experimental

Materials
All chemicals were reagent grade and used without further purification unless otherwise noted. Alkali and alkaline earth metal perchlorate were used as the guest ion. Spectrophotometric grade acetonitrile was used as the solvent.
Synthesis
N-(4′-benzo-15-crown-5)-N′-butyl-4,4′-bipyridinium hexafluorophosphate (1) . A 15-mL solution of N-(4′-benzo-15-crown-5)-4-pyridyl-pyridinium hexafluoro-phosphate (0.15 g, 0.26 mmol) in dry acetonitrile was added over 1 h to a 15-mL solution of 1-bromobutane (3.9 g, 28.9 mmol), which was heated under reflux for 4 weeks. After the solution was cooled to room temperature, the yellow precipitate was filtered off and washed with acetonitrile (50 mL) and diethyl ether (50 mL) and was recrystallized three times from methanol and diethyl ether (3:2 v/v, 15 mL). The solid was dissolved in water (30 mL), and a saturated aqueous solution of ammonium hexafluorophosphate salt was added. The precipitate was filtered and washed with water (15 mL). The product was obtained as a yellow solid (0.02 g, 9.9%). (2) . A 15-mL solution of N-(4′-benzo-15-crown-5)-4-pyridyl-pyridinium hexafluoro-phosphate (0.15 g, 0.26 mmol) in dry acetonitrile was added over 1 h to a 15-mL solution of 1-bromododecane (0.66 g, 2.6 mmol), which was heated under reflux for 7 days. The product was purified in the same manner as in the case of compound 1 except for the ion-exchange reaction, which was performed in 20% acetonitrile aqueous solution as the solvent. The product was obtained as a yellow solid (0.03 g, 12. 
N-(4′-benzo-15-crown-5)-N′-dodecyl-4,4′-bipyridinium hexafluorophosphate
N-(3,4-dimethoxyphenyl)-N′-butyl-4,4′-bipyridinium hexafluorophosphate (3).
A 15-mL solution of N-(3,4-dimethoxyphenyl)-4-pyridyl-pyridinium hexafluoro-phosphate (0.2 g, 0.46 mmol) in dry acetonitrile was added over 1 h to the 15-mL solution of 1-bromobutane (3.9 g, 28.9 mmol), which was heated under reflux for 4 weeks. The product was purified in the same manner as in the case of compound 1 and was obtained as a yellow solid (0.14 g, 47.3%). 
46 mmol) in dry acetonitrile was added over 1 h to the 15-mL solution of 1-bromododecane (2.28 g, 9.15 mmol), which was heated under reflux for 4 weeks. The product was purified in the same manner as in the case of compound 1 and was obtained as a yellow solid (0.78 g, 22.7%). 
Apparatus
1 H-NMR was measured in acetonitrile-d3 with Bruker AVANCE 400. Absorption spectra were measured in acetonitrile by using Shimadzu UV 3150 spectrophotometer equipped with Taitech ZL100 thermocontroller with a 1-cm quartz cuvette at 25 C. The concentration of 1, 2, 3 and 4 was 0.02 mM for absorption measurement. The concentration dependencies of 1 and 2 were checked from 5 × 10 -6 to 1 × 10 -4 M by using 2 cm and 2 mm cells when the solution concentration was lower and higher, respectively.
Determination of binding constants
The host-guest binding constants for 1:1 association, K, were evaluated based on the following equation:
where H0 and G0 represent the initial concentration of host, 1 or 2, and the guest, and ΔI represents the guest-induced absorption variation. When all hosts exist as the inclusion complex, ΔI is equal to ΔImax. The analysis was performed by 430 nm for hosts 1 and 2. Scheme 1 Structure of compounds 1, 2, 3, 4 , and 5.
Results and Discussion
Absorption spectra of 1, 2, 3, and 4 Figure 1 shows the absorption spectra of 1, 2, 3, and 4 in acetonitrile.
All compounds exhibited yellow with two absorption bands around 260 and 400 nm, although the latter bands were broader. Similar absorption spectra of 1, 2, 3, and 4 indicate that they possess similar π-electron distribution characters. Since dialkylbipyridinium shows colorless with an absorption band only at 260 nm, 12 the latter bands observed in the visible region (λ400 = ca. 6200) would be associated with the conjugated structure of the dialkoxyphenyl and bipyridinium units. The direct bonding of the π-electron rich dialkoxyphenyl unit and the π-electron deficient bipyridinium unit without a methylene spacer should generate the CT absorption, where the dialkoxyphenyl unit and the bipyridinium unit would act as the donor and acceptor, respectively. 11 However, a slight difference in their CT absorptions was observed, as shown by the CT absorption peaks (λmax) at 396, 398, 395, and 396 nm for 1, 2, 3, and 4, respectively. This result suggests that the λmax of CT absorption was observed at the slightly longer wavelength side for the compounds with the crown unit and/or the dodecyl chain as compared to those with the non-crown unit and/or the butyl chain. The similar conjugated compound, 5, which has a benzyl unit instead of alkyl chain of 1 and 2, showed λmax at 400 nm, which is slightly shifted to the red side as compared to 1 and 2. 8 This also suggests the effect of the substituent at nitrogen atom in the benzocrown-bipyridinium conjugate on the λmax of the CT peak. Because of possessing positive charges in bipyridinium and the crown ether attractive to the positive charge in the molecule of 1 and 2, simultaneously, we checked the concentration dependency of 1 and 2. No concentration dependencies in their spectral shapes and the molecular extinction coefficients at 260 and 400 nm for 1 and 2 were observed in the range from 5 × 10 -6 to 1 × 10 -4 M, suggesting that their CT absorptions occur intramolecularly but not intermolecularly. spectra of 1, 2, 3, and 4 When Na + was added to the solution of 1 as the guest, the solution changed color from yellow to colorless, as shown in Fig. 2 . This color change occurred due to the blue shift in the CT absorption band, which was observed remarkably when increasing the concentration of Na + . In the presence of 20 mM of Na + , the CT absorption peak of 1 was observed at 365 nm (Table 1) . Such guest-induced shift of the CT absorption can be interpreted by the complex formation of 1 with Na + . When Na + is included in the crown ether cavity, the unshared pair of electrons on the oxygen atoms in the crown ether unit would have electrostatic interaction with Na + . This would lead the decrease in the donor character of the benzocrown ether unit. 13 Such change in the donor-acceptor property in the molecule of 1 resulted in the color change. The isosbestic point was observed at 385 nm, suggesting 1:1 host-guest stoichiometry of the complex. Similar guest-induced spectral variation of 2 was observed upon addition of Na + . The CT absorption band shifted from 398 to 367 nm with the presence of 20 mM of Na + . The isosbestic point was observed at 386 nm. These indicate the complex formation of 2 with Na + with 1:1 host-guest stoichiometry. The difference in their guest-induced absorption variations between 1 and 2 could not be observed.
Guest-induced absorption
In contrast, the absorption spectra of 3 and 4 were hardly affected by the presence of Na + , as shown in Fig. 3 . The λmax observed at 395 and 396 nm for 3 and 4 shifted to 393 and 395 nm, respectively, due to the presence of a large excess of Na + (20 mM). Such negligible shifts of the CT absorptions for 3 and 4 suggest that they have no guest binding abilities, which is due to the non-crown ether structure.
When Li + was added to the solutions of 1, a similar guestinduced absorption change to that in the case of Na + was observed, while no change was observed with the addition of K + , Rb + , and Cs + . A similar trend was observed for 2 when adding these ions as the guest. These results suggest that 1 and 2 could not form inclusion complexes or weak interactions with the alkali metal ions with an ionic radius larger than K + . On the other hand, the addition of Mg 2+ , Ca 2+ , and Ba 2+ also caused spectral variations of 1 and 2 similar to those in the case of Li + and Na + . However, their variations were remarkable, as shown in Table 1 . The λmax of CT peaks of 1 and 2 in the presence of alkaline earth metal ions were observed at extremely shorter wavelength side as compared to those in the presence of alkali metal ones. These results indicate that 1 and 2 form the inclusion complexes with alkaline earth metal ions with larger interaction as compared to those with alkali metal ions. The marked difference between 1 and 2 could not be observed in their absorption variations.
Guest sensing ability of 1 and 2 By using such guest-induced color changes, we investigated the ion sensing ability of 1 and 2. The value of the guestinduced absorption change normalized by the original absorbance at 430 nm (ΔI/I 0 430) was used as the sensitivity parameters to evaluate ion sensing ability. The results are shown in Fig. 4 . Among the guests used in this study, 2 detected Ca 2+ with highest sensitivity and Mg 2+ with slightly less sensitivity than Ca 2+ . A similar trend was observed for 1 with slightly weaker sensitivity values as compared to 2. Ba 2+ was detected by 1 and 2 with approximately one-quarter values of their sensitivities of Ca 2+ and similar values of those of Li + , which is an alkali metal ion. Na + was detected by 1 and 2 with roughly one-half values of those for Li + . Li + and Na + were detected by 1 and 2 with less sensitivity than those of Mg 2+ and Ca 2+ in spite of similar ionic radius to those of Mg 2+ and Ca 2+ , respectively (Table 1 ). K + , having similar ionic radius of Ba 2+ , was hardly detected by 1 and 2. These results suggest that both 1 and 2 prefer the divalent ions rather than univalent ones. Furthermore, Rb + and Cs + , which are alkali metal ions with larger ionic radius than K + , were not detected by 1 or 2. The order of the sensitivities of 1 and 2 for guests was Ca 2+ > Mg 2+ >> Ba 2+ > Li + > Na + > K + > Rb + > Cs + . However, it was found that the ionrecognition patterns of 1 and 2 were different from that of 5. Although 5 also exhibited Ca 2+ -preference similar to those of 1 and 2 with one-third of the sensitivity value of those of 1 and 2, Li + and Mg 2+ were detected with a three-quarter sensitivity to that for Ca 2+ . As a result, 1, 2 and 5 show Mg 2+ /Li + sensitivity ratios of 2.9, 3.4, and 0.87 and Ca 2+ /Na + ratios of 7.3, 6.9, and 3.1, respectively. This suggests the remarkable ion-recognition of 1 and 2 for divalent ions, Mg 2+ and Ca 2+ , as compared to that of 5. The alkyl chain incorporated to the bipyridine unit may cause such selectivity whether the length of the chain is short or long. The reason for the effect of the alkyl group on the enhanced selectivity of Mg 2+ and Ca 2+ is not clear. However, it is possible to consider that such selectivity is owing to the π-electron deficient character of the bipyridinium unit rather than the structural factor. The benzyl unit acts as donor intramolecularly, 14 suggesting that the π-electron deficient character may be reduced for 5, while the alkyl chains do not act. Therefore, 1 and 2 can be considered as more positively charged hosts as compared to 5. This may give arise to enhance selectivity to divalent cationic guests rather than univalent ones. On the other hand, 1 showed sensitivity values of 0.155 and 0.103, respectively, when the solutions contained 0.14 mM of Mg 2+ or Ca 2+ , in spite of a lack response in the presence of the same concentration of Li + and Na + . Moreover, 2 also showed a similar trend with sensitivity values of 0.192 and 0.086 in the presence of 0.14 mM of Mg 2+ or Ca 2+ . These facts suggest that 1 and 2 can detect Mg 2+ and Ca 2+ under the condition that the solution contains Li + and Na + in the concentrations less than 0.14 mM.
We also obtained binding constants of 1 and 2 for the guest by a nonlinear least-square curve fitting analysis from their guestinduced absorption variation at 430 nm. A typical example of saturation curves of 1 and 2 for Na + is shown in Fig. 5 . Similar fitting could be obtained for other guests Li + , Mg 2+ and Ca 2+ , with good fitting, suggesting that 1 and 2 bind Li + , Mg 2+ Ca 2+ as well as Na + with 1:1 host-guest stoichiometry. The binding constants for alkali metal ions with a larger ionic radius than K + and Ba 2+ could not be obtained due to small guest-induced spectral variations or poor fitting. The binding constants of 1 and 2 were estimated to be 820 and 1270 M -1 for Mg 2+ and 2300 and 2790 M -1 for Ca 2+ , respectively, and estimated to be 910 and 930 M -1 for Li + and 260 and 290 M -1 for Na + , respectively. These values are relatively small when compared to other crown ether systems. This can be explained by the effect of electrostatic repulsions between the positively charged hosts, 1 and 2, and cationic guest ions for association. Since the binding constants of 5 were 930, 440, 210 and 1200 for Li + , Na + , Mg 2+ and Ca 2+ , respectively, the binding constants estimated for 1 and 2 seem to be moderate with the large values for Mg 2+ and Ca 2+ as compared to those of 5. The binding constants estimated for 1 and 2 are roughly parallel to their sensitivity values.
Finally, we have estimated the limit concentration that can be detected by the absorption variation of 1 and 2 from three times the standard deviations values. The limit concentrations of detection of 1 are estimated to be 0.25, 0.59, 0.072, and 0.057 mM for Li + , Na + , Mg 2+ and Ca 2+ , while those of 2 are estimated to be 0.069, 0.17, 0.02, and 0.016 mM, respectively. Since the limit concentrations of detection of 5 for Li + , Na + , Mg 2+ and Ca 2+ was estimated to be 0.15, 0.28, 0.14, and 0.09 mM -1 for M, it is obvious that 1 and 2 can detect Mg 2+ and Ca 2+ with higher sensitivities than 5.
Conclusions
Two benzocrown ether-bipyridinium conjugates, 1 and 2, incorporating different lengths of alkyl chains of butyl and dodecyl groups, respectively, were synthesized for developing a new guest-responsive color-change chemosensor.
These compounds and their analogues with non-crown ether structure, 3 and 4, showed yellow colors based on the intramolecular charge transfer absorptions, in which the benzocrown ether and bipyridinium units act as the donor and acceptor, respectively. The addition of the guest ions caused color-to colorless change for 1 and 2, which are associated with 1:1 host-guest complex formation, but not for 3 and 4. The guest-induced color change of 1 and 2 can be used for alkali and alkaline metal ion sensing. It was found that 1 and 2 could detect the divalent cations Mg 2+ and Ca 2+ remarkably, although the difference between 1 and 2 was not observed. The sensitivity values of 1 and 2 were roughly proportional to their binding constants. The benzocrown ether-bipyridinium conjugates capable of color change in response to the guest ions are interesting not only from the perspective of guest sensing but also from host-guest chemistry.
In many cases in nature, Mg 2+ and Ca 2+ exist in aqueous media. Although more sophisticated systems are needed for detecting these ions in real samples, all these data demonstrate that this system may be applicable for the detection of metal ions, which exist in organic media.
